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A B S T R A C T
Methanol synthesis using Cu/ZnO/Al2O3 catalysts is a well-established industrial process. Catalyst development
is always an important factor and this has resulted in the current fully optimised commercial catalyst that is
prepared by co-precipitation via hydroxycarbonate precursors. Recently, the synthesis of a CuZn hydro-
xycarbonate precursor, analogous to the rare mineral georgeite, was reported to produce a high activity me-
thanol synthesis catalyst. Here we report the addition of Al3+, the third component found in industrial catalysts,
to the zincian georgeite-derived catalyst prepared using a supercritical CO2 anti-solvent precipitation metho-
dology. The co-addition of an AlO(OH) sol to the Cu/Zn precursor solution was found to not disrupt the for-
mation of the CuZn georgeite phase, while providing eﬃcient mixing of the Al3+ within the material. The
catalyst derived from the CuZn georgeite precursor phase doped with Al3+ showed a high level of methanol
synthesis productivity, which was comparable to that of the binary CuZn georgeite derived catalyst. This ma-
terial also exhibited enhanced stability during an accelerated ageing test compared to the non-Al doped zincian
georgeite material. Performance was benchmarked against an industrially relevant Cu/ZnO/Al2O3 standard
catalyst.
1. Introduction
Cu/ZnO/Al2O3 is a well-studied commercial catalyst used in the
synthesis of methanol from syn-gas (CO, CO2 and H2) and in the low-
temperature water-gas shift reaction (LTS) [1,2]. Both reactions are
industrially important, with methanol being an important chemical
intermediate having a worldwide demand exceeding 50M tons per
annum and the LTS reaction being used up-stream of many industrial
processes for H2 production and CO removal [2]. In addition, both re-
actions have contemporary applications in green chemistry, namely: (i)
for methanol synthesis using captured CO2 and renewably sourced H2
[3,4] and (ii) LTS reaction is used to remove trace amounts of CO from
fuel cell gas streams where it can act as a poison [5].
The active site of the Cu/ZnO/Al2O3 catalyst has long been con-
sidered be associated with metallic Cu [6], although the role of ZnO in
both methanol synthesis and LTS has been intensely debated. ZnO can
act as a dispersant for Cu, a hydrogen reservoir and a poison scavenger.
It could also have a direct role in the reaction mechanism through ac-
tivation of CO2 or through generation of an active site resulting from a
Cu-Zn interaction [7–12]. A range of in-depth characterisation studies
have demonstrated a strong metal support interaction between Cu and
ZnO, with partial ZnO reduction at the interface with Cu under near
operating conditions [8,13,14]. Consequently, two structures for the
active site are typically considered; namely a Cu-Zn surface alloy or an
interfacial synergy between Cu/ZnO. While this Cu-Zn interaction has
formed the focus of many structure/ activity studies, the third compo-
nent of the industrial catalyst, namely Al2O3 (and Al3+ in particular) is
often overlooked.
The addition of Al3+ and, occasionally, Ga3+ into the Cu-Zn oxide
binary system has long been known, from a practical perspective, to
enhance catalyst stability [15–17]. The loading of Al2O3 within in-
dustrial catalysts varies between 10wt.% and 20wt.%, with higher
loadings being used in LTS catalysts than for methanol synthesis cata-
lysts, due to the more aggressive conditions encountered in the LTS
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reaction [17]. Taking these loadings into account, it is clear that Al2O3
does not act as a conventional support material. Typically the Al2O3
additive has been thought of as a binder to retain the structural in-
tegrity of catalyst pellets under operational conditions [16]. Recently,
Behrens et al. have shown that Al3+ serves as a catalytic promoter by
acting as a substitutional n-type semiconductor dopant in ZnO, which
modiﬁes the defect chemistry and reducibility of the ZnO support [15].
Achieving high Cu surface area, a strong metal-support interaction
between Cu and ZnO and the eﬃcient incorporation of promoters is
highly dependent on the exact method of catalyst preparation. Speciﬁc
copper-zinc hydroxycarbonate phases, such as zincian malachite, have
been found to be suitable catalyst precursors; providing a high degree of
mixing between components and morphologies that result in a high Cu
surface area [18–20]. Recently, we demonstrated that a supercritical
CO2 anti-solvent (SAS) preparation method [21] can be used to prepare
an often-neglected hydroxycarbonate material, analogous to the rare
amorphous mineral georgeite [22], which on calination and reduction
produces highly dispersed Cu in a poorly crystalline ZnO matrix [23].
The catalyst derived from this zincian georgeite precursor material
showed excellent initial methanol synthesis activity, but displayed in-
ferior stability compared to more conventional Al3+ containing cata-
lysts. Given the nature of the SAS preparation technique, adding a third
component to the catalyst precursor system is not trivial task. Here, we
report the successful addition of ∼20 at.% Al3+ into Cu/ZnO catalysts
prepared by the SAS technique and investigate the eﬀect of this pro-
moter on the catalytic activity and stability.
2. Experimental
2.1. Supercritical antisolvent (SAS) precipitation
SAS precipitated materials were prepared as follows; 4 mgml−1
copper(II) acetate monohydrate (Sigma Aldrich,> 99.0% purity) and
2.13mgml−1 zinc(II) acetate dihydrate (Sigma Aldrich,> 99.0%
purity) were dissolved in ethanol (Fischer Scientiﬁc, absolute >
99.8%) containing 10 vol% water to give a nominal Cu:Zn molar ratio
of 2:1. Two diﬀerent Al3+ complexes were investigated to prepare
ternary Cu:Zn:Al oxyhydroxide samples, with a ratio of 5/3/2 respec-
tively. One complex, aluminium(III) lactate (Sigma Aldrich 95.0%
purity) was dissolved in the Cu/Zn ethanol-water solution prior to SAS
precipitation. The alternative Al3+ source was to use a sol of aluminium
boehmite (AlO(OH)) (Johnson Matthey-stabilised with dilute nitric
acid) mixed with the Cu/Zn ethanol-water solution. In the ternary salt
solutions 3.56mgml−1 copper acetate, 1.96mgml−1 zinc acetate and
0.232mgml−1 aluminium boehmite or 0.87mgml−1 aluminium lac-
tate were used. Samples will be referred to as Cu/Zn/Al-C3H5O3 when
using the lactate derived precursor, Cu/Zn/Al- AlO(OH) with the
boehmite precursor, Cu/Zn for the binary zincian georgeite and Cu/Zn/
Al-Std for industrial standards.
SAS precipitation experiments were performed using an apparatus
manufactured by Separex. Liqueﬁed CO2 was pumped at a ﬂow rate of
6.5 kg h−1 and the whole system was pressurised to 110 bar and held at
40 °C to form supercritical carbon dioxide (scCO2). Initially pure solvent
was pumped, concurrently with scCO2, through the ﬁne capillary into
the precipitation vessel, with a ﬂow rate of 6.5mlmin−1 for 15min to
obtain steady state conditions. The Cu/Zn or Cu/Zn/Al precursor so-
lutions were then delivered at a ﬂow rate of 6.5 mlmin−1, giving an
scCO2:metal solution molar ratio of 22:1. Following the delivery of the
metal salt solutions, pure ethanol was pumped at 6.5ml min−1 con-
currently with scCO2 for 30min, before ﬁnally ﬂowing only scCO2 over
the sample for a further 1 h. The vessel was then depressurised to at-
mospheric pressure and the precipitate collected. Experiments were
conducted for approximately 3.5 h, which resulted in the synthesis of
approximately 1.1–1.5 g of solid. Recovered samples were then calcined
at 300 °C for 4 h in static air (ramp rate 1 °Cmin−1).
2.2. Catalyst characterisation
X-ray diﬀraction (XRD) of precursors and catalysts was performed
on a (θ-θ) PANalytical X’pert Pro powder diﬀractometer equipped with
a Ni ﬁltered CuKα radiation source operating at 40 keV and 40mA.
Diﬀraction patterns were recorded over a 10–80° 2θ angular range
using a step size of 0.016°. Crystallite sizes were determined using the
Scherrer equation.
Infrared spectroscopy was performed on the SAS catalyst precursors
using a Bruker Vertex 70 IR spectrometer equipped with a single re-
ﬂection diamond attenuated total reﬂectance accessory and a mercury
cadmium telluride (MCT) detector.
Brunauer Emmett Teller (BET) surface area analysis was performed
using a Micromeritics Gemini 2360 surface analyser. Five-point iso-
therms were obtained using N2 at −196.15 °C with surface area ana-
lysis carried out using a BET plot in the P/P0 range 0.06–0.35. Cu
surface area analysis was carried out on a Quantachrome ChemBET
chemisorption analyser equipped with a thermal-conductivity detector
(TCD). Calcined samples (100mg) were reduced to generate active
catalysts using a 10% H2/Ar mixture (30mlmin−1) by heating to
140 °C at 10 °Cmin−1, and then to 225 °C at 1 °C/min. The resulting
catalysts were cooled to 65 °C under He for N2O pulsing. Twelve N2O
pulses (113 μl each) were followed with three N2 pulses for calibration
purposes. The amount of N2 emitted was assumed to be equivalent to
half a monolayer coverage of oxygen and the surface density of Cu was
calculated to be 1.47×1019 atoms m−2. To account for the signiﬁcant
mass loss on reduction for Cu surface area analysis, the diﬀerence in
sample mass (with quartz reactor) before and after testing was used to
determine a percentage mass loss. Cu surface areas are quoted as m2 per
g of reduced catalyst.
Thermal gravimetric analysis (TGA) and diﬀerential thermal ana-
lysis (DTA) were performed using a Setaram Labsys 1600 instrument.
Samples (20–50mg) were loaded into alumina crucibles and heated to
600 °C (5 °Cmin−1) in a ﬂow of synthetic air (50ml min−1).
Elemental analysis was performed using Energy-dispersive X-ray
(XEDS) analysis in an SEM. The specimens were dispersed onto ad-
hesive carbon tape, mounted on 12.5mm aluminium sample stubs.
Analysis was performed using a Zeiss Evo 40 scanning electron micro-
scope with an Oxford Instruments Model 7636 LN2 cooled SiLi XEDS
detector, operated at 25 kV and 1000 pA.
Samples for scanning transmission electron microscopy (STEM)
were prepared by drop casting of a diluted aqueous sol onto a carbon
coated molybdenum mesh TEM grid (Electron Microscopy Sciences).
The samples were analysed in an aberration corrected JEOL ARM
200CF analytical electron microscope equipped with a JEOL Centurio
XEDS system operating at 200 kV. Images were collected in high angle
annular dark ﬁeld (HAADF) and high resolution (HR) STEM mode. Fast
Fourier Transforms (FFTs) derived from the HAADF-TEM images were
used to measure interplanar spacing and angles.
2.3. Catalyst testing
Methanol synthesis testing was performed in a six-tube parallel
ﬁxed bed ﬂow reactor system with an additional by-pass line. The re-
actor was charged with unreduced catalyst (0.5 g). Samples were then
reduced in-situ by heating to 225 °C at 1 °Cmin−1 using a 2% H2/N2 gas
mixture (60mlmin−1). Catalysts were then exposed to the synthetic
syngas (CO : CO2 : H2 : N2 composition= 6 : 9.2 : 67 : 17.8 mol. %) at
3.5 L h−1, 25 bar pressure and temperatures between 190 and 250 °C. A
mass hourly space velocity of 7200 L kg−1 h−1 was used throughout the
reaction. LTS testing was performed in a similar parallel ﬁxed bed re-
actor with a single stream feed and an additional by-pass line. As with
methanol synthesis, the catalysts (0.5 g) were reduced in-situ, in an
identical manner to that described above. Catalysts were subjected to
synthetic syngas and vaporised water (H2O : CO : CO2 : H2 : N2=50 : 2
: 8 : 27.5 : 12.5 mol. %.) at 27.5 bar pressure and a temperature of
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220 °C. A mass hourly space velocity of 75,000 L kg−1 h−1 was used
throughout the reaction. For both reactions, in-line FT-IR analysis was
used to detect CO, CO2, H2O and CH3OH. Higher alcohols and other
liquids were trapped downstream and quantiﬁed by GC analysis oﬄine.
Catalyst productivities and activities were determined from the mass of
Cu within the reactor, considering the mass loss of samples on reduction
(determined during copper surface area analysis) and the Cu content as
determined from elemental analysis.
3. Results and discussion
The preparation of binary Cu/Zn and ternary Cu/Zn/Al georgeite
derived catalysts was, as stated in the introduction, performed using the
SAS precipitation methodology. As with precipitation methodologies
the choice of metal precursor salt has a signiﬁcant eﬀect on the product
produced. The key factor in choice of metal precursor is that the salt is
soluble in the precursor solvent, in this case a water-ethanol mixture,
but insoluble in the supercritical carbon dioxide anti-solvent.
Frequently metal acetate salts are chosen [21], although it was found
that aluminium triacetate was unsuitable due it its relatively high so-
lubility in supercritical carbon dioxide. Therefore, aluminium lactate,
fulﬁlled the desired criterion. It is acknowledged that a range of other
potential aluminium complexes could be potentially used in the SAS
process.
An additional strategy would be to precipitate the binary Cu/Zn
system in the presence of a preformed metal oxide or hydroxide.
Previously we have shown this to be successful in a batch process for
the deposition of Co onto pre-formed TiO2 [24]. An issue with per-
forming this in the continuous SAS process is the formation of blockages
in the co-axial nozzle used for delivery of metal salt solutions. There-
fore, a suspension of colloidal AlO(OH) was used as an alternative solid
aluminium source.
The composition of the SAS precipitates prepared by the lactate and
AlO(OH) routes was investigated to determine how much of the third
Al3+ component was incorporated into the ﬁnal product compared to
the nominal Cu:Zn target ratio of 2:1. The results shown in Table 1
demonstrates that all three metal components were contained in the
SAS precipitate, although the exact target ratios were not achieved. The
target Cu:Zn ratio of 2:1 was attained in Cu/Zn/Al- AlO(OH), while a
slight Cu deﬁciency was noted in Cu/Zn/Al-C3H5O3. This small deﬁ-
ciency in Cu was considered tolerable for the purposes of this initial
study. The small deviations from the nominal Cu:Zn:Al target ratios
demonstrate the complexity of controllably adding a third precursor
component to the SAS precipitation. However, the compositions ex-
perimentally obtained are deemed to be suﬃciently close to allowing us
to ascertain the viability of the process and discern the need for further
reﬁnement later.
IR spectroscopy was then used to ascertain the nature of both SAS
precipitated Cu/Zn/Al precursor materials, relative to that of the SAS
prepared zincian georgeite material reported previously (Fig. 1). In
regard to binary CuZn hydoxycarbonates IR spectra are well reported
and can be used to identify the phase present in the methanol synthesis
catalyst precursor [25]. Indeed, the mineral georgeite is classiﬁed based
on it IR spectrum, given that it is amorphous and so cannot identiﬁed by
XRD [22]. Both of the Al3+ containing SAS samples had bands char-
acteristic of zincian georgeite [22] (the 3419 cm−¹ peak corresponds to
ν(OeH), while those at 1475 and 1408 cm−¹ can be assigned to
ν3(CO32−), 1049 cm−¹ to ν1(CO32−) and 836 cm−¹ to ν2(CO32−)), in-
dicating that this basis phase is retained. Additional bands, to those
found in zincian georgeite, were also observed for both Al-containing
samples and could be assigned to bands originating from aluminium
lactate and AlO(OH). The retention of the Al3+ precursor ligands on
SAS precipitation clearly diﬀers from that of the copper and zinc acetate
salts, which undergo an exchange of ligand for carbonate and hydro-
xide, attributable to the formation of carbonic acid in the CO2-H2O-
C2H5OH phase system.
Powder X-ray diﬀraction of the catalyst precursors (Fig. 2) showed
no strong reﬂections associated with known Cu/Zn hydroxycarbonates,
such as malachite or aurichalcite [25]. As zincian georgeite is highly
amorphous [22,23,26,27] we conclude, in conjunction with the ob-
served IR bands, that this is the predominant phase in all samples. A
weak diﬀraction pattern for AlO(OH) was seen in the Cu/Zn/Al- AlO
(OH) sample, reinforcing the conclusion from IR data that aluminium
boehmite is retained on precipitation. Interestingly, no diﬀraction
peaks associated with aluminium lactate were detected in contrast to
the strong diﬀraction pattern of the unprocessed aluminium(III) lactate.
The loss of long-range order with SAS precipitation is often observed
and is due to the very rapid nucleation rates aﬀorded by the process
[21].
In addition to retention of the amorphous zincian georgeite type
phase, it is important that the ternary Cu/Zn/Al catalyst precursors
have a high surface area to ensure a high dispersion of Cu in the cal-
cined and activated catalyst. Surface area analysis (Table 1)
Table 1
Physical characteristics of the various SAS precipitates produced and their as-
sociated catalysts after calcination and reduction treatment.
Sample Cu:Zn:Al
Molar
Ratioa,b
Surface area of
SAS
precipitate
(m2 g−1)c
Surface area
of calcined
sample
(m2 g−1)c
Cu surface area
in reduced
catalysts
(m2 gCu−1)d
Cu/Zn 2:1 97 85 47
Cu/Zn/Al-
C3H5O3
5.7:2.5:1.8 114 30 18
Cu/Zn/AlO
(OH)
5.1:2.5:2.4 92 90 54
Cu/ZnO/
Al2O3-
standard
material
5/3/2 – – 44
a Composition determined by XEDS analysis (error ± 3%).
b Target composition 2/1 or 5/3/2.
c Surface areas determined by BET analysis.
d Surface area determined from N2O titration after reduction at 225 °C.
Fig. 1. FT-IR spectra of SAS prepared zincian georgeite precursors with and
without Al3+ precursors. (1) Binary zincian georgeite, (2) Cu/Zn/Al-C3H5O3 (3)
Cu/Zn/AlO(OH) (4) aluminium lactate only and (5) aluminium boehmite only.
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demonstrates that the both Cu/Zn/Al-C3H5O3 and Cu/Zn/Al-AlO(OH)
had comparable surface areas to the binary zincian georgeite material.
While all the samples had reasonable surface areas prior to calcination,
its retention during the catalyst activation stage is highly dependent on
the correct choice of heat treatment temperature, which can be de-
termined from TGA/DTA testing.
Previous TGA studies of the binary-zincian georgeite phase showed
that the material had a highly distinctive three-stage thermal decom-
position proﬁle, in contrast to the single stage decomposition displayed
by many other conventional crystalline hydroxycarbonate catalyst
precursors [23]. TGA coupled with DTA was performed on the two Al
containing precursor materials and contrasted with that of the binary
zincian georgeite catalyst precursor (Fig. 3). An important mass loss
step is the ﬁnal one centred at ca. 450 °C for the binary zincian geor-
geite material, which has previously been shown to be exclusively due
to carbonate decomposition and is often referred to in the literature to
as “high temperature carbonate”. The decomposition temperature of
this carbonate component is a good descriptor for the extent of CuO-
ZnO mixing, with high temperature being associated with greater in-
teraction between CuO and ZnO [28]. In turn, the degree CuO-ZnO
mixing inﬂuences the Cu surface area andCu-ZnO interaction in the
ﬁnal activated catalyst and therefore to an extent is an eﬀective in-
dicator of catalytic activity. The addition of Al into the zincian geor-
geite precipitate via the aluminium boehmite precursor resulted in a
slight reduction in the high temperature carbonate decomposition from
450 °C to ca. 430 °C. It is expected that Al3+ incorporation would sta-
bilise the disordered ZnO produced from SAS precipitation and so in-
crease the decomposition temperature of high temperature carbonate.
The opposite observation indicates a partial disruption in the Cu-Zn
mixing within the zincian georgeite phase, potentially due to the AlO
(OH) sol disrupting the phase system during SAS precipitation, which
results in a more phase separated CuO and ZnO. Further it would in-
dicate little incorporation of Al3+ into the zincian georgiete. The
change in the high temperature carbonate decomposition peak (relative
to the binary zincian georgeite) was far greater for Cu/Zn/Al-C3H5O3
than Cu/Zn/Al-AlO(OH). A signiﬁcantly greater mass loss occurred
during the second step (centred at ca. 200 °C) which resulted in a
smaller third mass loss, which happened at a far lower temperature
than that for the pure zincian georgeite (ca. 290 °C as compared to
450 °C). While the initial Cu/Zn/Al oxyhydroxide precipitate derived
from the L-lactate precursor may be well mixed and exhibits a suitable
surface area, the signiﬁcant exothermic reaction during decomposition
(as observed from DTA data - Fig. 3b) results in a severe modiﬁcation of
the materials nanostructure and Cu-Zn interaction. A similar eﬀect has
previously been observed when calcining the copper and zinc acetate
complexes that are retained after SAS precipitation, due to the lack of
water co-solvent [29]. The implication from the TGA/DTA results is
that the Cu/Zn/Al oxyhydroxide sample prepared with the Cu/Zn/Al-
C3H5O3 precursor would give a poor Cu surface area and therefore in-
ferior activity upon subsequent calcination and reduction during the
activation process.
Given previous reports that the retention of high temperature car-
bonate after calcination can be beneﬁcial to performance, it was con-
sidered that 300 °C would be a suitable calcination temperature. The
required characteristics of the calcined materials are (i) high surface
area, (ii) poor crystallinity and (iii) well-mixed CuO-ZnO with Al2O3 (in
the ternary catalysts). The surface areas of the calcined materials are
presented in Table 1. While the addition of AlO(OH) had no negative
eﬀect on ﬁnal surface area (with a value of 90m2 g−1 compared to
85m2 g−1 for the corresponding zincian georgeite material) the exo-
thermic decomposition of Cu/Zn/Al-C3H5O3 reduced the surface area to
30m2 g−1.
Evaluation of the powder X-ray diﬀraction data from the calcined
materials (Fig. 4) shows that calcined Cu/Zn/Al-C3H5O3 materials was
more crystalline compared to the calcined Cu/Zn/AlO(OH), as a more
intense diﬀraction pattern (both in terms of peak height and area) as-
sociated with CuO was observed in the former. Both Al containing
samples can be described as more crystalline than the more the re-
ference zincian georgeite, which had no characteristic CuO reﬂections
from XRD. It should be noted that calcined zincian georgeite is not
amorphous in nature but comprises of nanocrystalline CuO and ZnO
below the detection limit of XRD [23]. It is likely that the reduced area
of the CuO reﬂections seen in calcined Cu/Zn/AlO(OH), relative to Cu/
Zn/Al-C3H5O3 which has the same Cu mass content (shown in Table 1),
is due to the presence of a signiﬁcant contribution of sub 3 nm crys-
tallites that are undetectable by XRD. Larger crystallites can be detected
from XRD (6 nm) indicating a distribution of particle sizes above and
below the XRD detection limit. The stronger reﬂections associated with
calcined Cu/Zn/Al-C3H5O3 were calculated to have a mean average size
of 7 nm, with fewer undetected nanocrystallites present. The observed
trend in CuO crystallite size correlates well with the position of the high
temperature carbonate decomposition peak from TGA analysis and the
reported surface areas. Another point worth noting from XRD analysis
of the Cu/Zn/Al catalyst derived from aluminium boehmite precursor
was that the AlO(OH) phase was retained and no crystalline Al2O3
phase was detected. Asa higher temperature calcination treatment
would be required to convert the AlO(OH) to Al2O3which would in-
evitably be detrimental to the CuO crystallite size and ﬁnal Cu surface
area in the reduced catalyst, it was decided that further analysis and
testing would be performed on the 300 °C calcined material containing
the AlO(OH) phase. Also of note is the absence of crystalline Al2O3 in
the calcined Cu/Zn/Al-C3H5O3, which suggests that either nanocrys-
talline Al2O3 or alternative Al compound is present.
A clear trend emerging from the combined XRD, BET and TGA data
was that the choice of the Al3+ precursor has a signiﬁcant eﬀect on the
catalyst properties. A further point to consider is that the character-
isation work presented so far has been of the calcined CuO/ZnO/ Al
phase material and not the ﬁnal reduced Cu/ZnO catalyst that is ex-
posed to the reaction mixtures. A well-known method for probing the
Cu surface area is by N2O chemisorption of a pre-reduced catalyst
sample. While the technique potentially also measures reduced Zn/
ZnOx content at the interface with the reduced Cu particles [30] it is
Fig. 2. XRD patterns of SAS prepared zincian georgeite precursors with various
Al3+ precursors: (1) binary zincian georgeite, (2) Cu/Zn/Al-C3H5O3 (3) Cu/Zn/
AlO(OH) (4) aluminium boehmite only and (5) aluminium lactate only.
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still an accurate descriptor for methanol synthesis activity and to a
lesser extent LTS activity [31].
The Cu surface areas (after reduction at 225 °C) of the two Al con-
taining catalysts and the reference catalysts derived from zincian
georgeite are also given in Table 1. The highest reported value was
observed for the Cu/ZnO/AlO(OH)catalyst (54m2 gCu−1), which was
greater than that of the lactate derived catalyst (18m2 gCu−1) and the
standard zincian georgeite binary catalyst (47m2 gCu−1). It is inter-
esting to note that TGA and XRD characterisation of the calcined
catalysts and TGA data suggests that the standard binary Cu/Zn catalyst
would have the highest Cu dispersion and not Cu/ZnO/AlO(OH), an
apparent discrepancy that has a couple of possible explanations. Firstly,
the reduction of CuO to metallic Cu is exothermic
(ΔH=−80.8 kJmol−1) and it can be anticipated that a certain degree
of Cu sintering will occur during reduction [2]. Speciﬁcally, the high
concentration of Cu species in these and conventional industrial me-
thanol syntheasis catalysts makes local heat spots during reduction an
issue and important factor to consider for catalyst preparation and ac-
tivation. Potentially the addition of AlO(OH)might physically inhibit
sintering of the dispersed Cu and therefore stabilise the higher Cu
surface area upon reduction. Alternatively, partial incorporation of
Al3+ into the ZnO phase could increase the metal support interaction
between Cu and ZnO and increase the reducibility of Zn species at the
metal support interface [15]. A probable consequence of this eﬀect
would be that the N2O chemisorption value would be inﬂated by the
oxidation of ZnOx or surface metallic Zn species [30].
The very low Cu surface area value exhibited by Cu/ZnO/Al-C3H5O3
conﬁrms the prior observations of large CuO crystallite size and low
surface area. Although the relationship between Cu dispersion and
catalytic activity, for both methanol synthesis and LTS, has been shown
to be a complicated issue [30], there is still a consensus that low Cu
surface area catalysts will have poor activity. It was therefore con-
cluded that the Al- lactate derived sample would not be viable catalyst
and so was not considered for further catalytic testing. We believe that
the methodology of using a soluble Al3+ salt could still be a viable
option to produce ternary Cu/ZnO/Al2O3 catalysts via the SAS route
However, an extensive screening of diﬀerent Al3+ salts would be re-
quired with the key criterion being to choose a ligand that does not
decompose as exothermically as the aluminium lactate salt.
Finally, we consider the nanostructure of the Cu/ZnO/AlO(OH)
catalyst that will be taken forward to catalytic testing, using STEM
analysis. The structure of the ‘as-precipitated’ and ‘300 °C calcined’ SAS
zincian georgeite material has been described in detail elsewhere [23]
and will not be repeated here. Representative electron micrographs of
the zincian georgeite precursor prepared with the addition of the AlO
(OH) sol are shown in Fig. 5. The as-precipitated material (Fig. 5(a))
consists of very characteristic irregularly shaped agglomerates, about
Fig. 3. TGA (a) and DTA (b) analysis of SAS prepared zincian georgeite precursors prepared with and without various Al3+ precursors. Analysis performed at a ramp
rate of 5 °Cmin−1in a ﬂow of synthetic air (50ml min−1). Key:- Binary zincian georgeite (dashed line), Cu/Zn/Al-C3H5O3 (grey dotted line) and Cu/Zn/AlO(OH)
(solid line).
Fig. 4. XRD patterns of calcined SAS zincian georgeite prepared with and
without with various Al3+ precursors: (1) binary zincian georgeite, (2) CuO/
ZnO/AlO(OH) (3) CuO/ZnO/Al-C3H5O3 Key:- ● CuO reﬂections, Δ AlO(OH)
reﬂections.
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Fig. 5. STEM analysis of the zincian georgeite precursor material prepared with boehmite. (a) HAADF- STEM image showing the general precursor morphology; (b, c)
BF-and HAADF-STEM image pair showing isolated sub-2 nm CuO nanocrystallites dispersed in a disordered matrix; (d, e) XEDS spectrum acquired from the high-
lighted area showing the co-existence of Al, Cu and Zn.
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100–200 nm in diameter, of ‘amorphous’ ∼40 nm scale non-facetted
particles. Closer inspection by BF- and ADF-STEM, as presented in
Fig. 5(b) and (c) shows that these latter particles consist of an amor-
phous matrix phase, in which are embedded disconnected sub-2 nm
crystallites of ordered material exhibiting clear lattice fringes. The
amorphous matrix, which is most likely the carbonate and oxyhydr-
oxide component of the material, is by far the majority phase. Analysis
of fringe spacings and interplanar angles from this sparse distribution of
nanocrystallites (which make up less than 5% by volume of the mate-
rial) suggest they are most likely CuO. No direct evidence for the ex-
istence of discrete AlO(OH) crystallites was found, although a distinct
Al signal could be detected in XEDS spectra obtained from most general
areas of the sample (e.g., see Fig. 5(d) and (e)). Given XRD has shown
crystalline AlO(OH) is present, we conclude that poorly dispersed AlO
(OH) is present (to an extent that is diﬃcult to observe at high mag-
niﬁcation) in addition to a well distributed Al component within the
zincian georgeite matrix. It is interesting to note that Behrens reported
that only a small fraction of Al3+ was incorporated into traditional
zincian malachite type precursors in the co-precipitation methodology
[3]. With the exception of the presence of Al, the morphology and
nanostructure of this material looks very reminiscent of the precursor
zincian georgeite phase described in Ref. [23].
Representative electron micrographs of this same Al containing
material after 2 h calcination at 300 °C are shown in Fig. 6. The general
morphology of the agglomerates remains the same (Fig. 6(a)) and its
high surface area is clearly retained. However, higher magniﬁcation
STEM imaging (Fig. 6(b) and (c)) reveals that some of the disordered
matrix material originally present in the precursor state has now crys-
tallized. However, it should also be noted that a larger volume of dis-
ordered matrix remains in comparison to the counterpart 300 °C cal-
cined zincian georgeite material (also described in Ref. [23]). The
additional crystallized material is entirely in a nanocrystalline form,
with a mean grain diameter of 3–4 nm. Analysis of the fringe spacings
and interplanar angles from individual grains suggests the crystalline
material is an intimate mixture of zinc and copper oxides.
Methanol synthesis reaction data, normalised to the mass of Cu
present, is shown in Fig. 7 for the regular zincian georgeite derived
catalyst, the ternary sample prepared with AlO(OH) and an industrial
standard catalyst (wt% composition was CuO/ZnO/Al2O3=60;30;10)
[32]. Both the Cu/ZnO/AlO(OH) catalyst and the analogous binary
zincian georgeite derived catalyst had high initial activity compared to
the industrial standard. This high level of activity has been attributed to
the high Cu dispersion coupled with a strong interaction with highly
disordered ZnO. The higher intrinsic activity of these georgeite derived
Fig. 6. STEM analysis of the Cu/Zn/Al-AlO(OH) material calcined at 300 °C for 2 h. (a) HAADF-STEM image showing the general catalyst morphology; (b, c) BF-and
HAADF-STEM image pair revealing that some of the disordered matrix material originally present in the precursor phase has been converted to 3–4 nm CuO and ZnO
nanocrystallites.
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catalysts is further evident when the productivity was normalised to Cu
surface area; with the binary catalyst having a productivity of
8.2 molCH3OHm2Cu−1 h−1, the ternary Cu/ZnO/AlO(OH) catalyst 8.6
molCH3OHm2Cu−1 h−1 and the industrial standard
5.8 molCH3OHm2Cu−1 h−1. Unfortunately, in common with the zincian
georgeite catalyst, the ternary Cu/ZnO/AlO(OH) catalyst experienced a
degree of deactivation over the ﬁrst 18 h time-on-line. After this time
interval, the reaction temperature was increased every 18 h to a max-
imum of 250 °C, during which the binary catalyst continued to deacti-
vate signiﬁcantly, in relation to the Cu/ZnO/Al2O3 industrial standard.
However, the extent of deactivation was substantially reduced for the
zincian georgeite sample prepared with the AlO(OH) addition, although
some deactivation was still observed above 220 °C. After cycling the
temperature to 250 °C temperature was cooled to that used at the start
of the testing run (190 °C). Comparison of methanol productivity before
and after accelerated ageing shows that the addition of AlO(OH) was
beneﬁcial to stability but not to the extent that prolonged productivity
was better than the Cu/ZnO/Al2O3 industrial standard. While the in-
clusion of Al3+ improved the stability of the zincian georgeite derived
catalyst, we consider that a still more signiﬁcant interaction between
Al3+ and the Cu/ZnO component is required, which might be achiev-
able from a precipitation based method if a more suitable soluble Al3+
precursor can be identiﬁed.
In the methanol synthesis reaction, catalyst deactivation is attrib-
uted to the sintering of both Cu and ZnO crystallites. in situ XRD and
neutron diﬀraction has previously shown that in addition to the ex-
pected eﬀect of Cu sintering, ZnO crystallite growth is also strongly
correlated with catalyst deactivation [33,34]. In addition, the presence
of water in the reaction product stream (seen by in-line FT-IR analysis
in the current study for all catalysts) from CO2 hydrogenation to form
methanol and water has been shown to promote ZnO crystallisation
[34]. The incorporation of Al3+ species potentially enhances the
stability of small poorly crystalline ZnO under methanol synthesis
conditions.
Catalytic testing results for the LTS reaction for the zincian geor-
giete, Cu/ZnO/AlO(OH), and a standard industrial LTS catalyst, are
shown in Fig. 8. In common with previous studies, the remarkable
stability of the zincian georgeite binary catalyst relative to the in-
dustrial LTS catalyst was noted once again [23,29]. Interestingly the
activity of the Cu/ZnO/AlO(OH) zincian georgeite derived catalyst was
even higher and had a similar and if not better stability than the derived
binary zincian georgeite catalyst, with almost no deactivation over
130 h time-on-line. The excellent stability of both SAS zincian geor-
geite-type catalysts can be explained by the low Na+ content in the
samples, which has been shown to be a signiﬁcant poison, as well as the
desirable precursor microstructure of ultra-small CuO crystallites em-
bedded within a disordered ZnO matrix. While the addition of Al3+ did
impart some marginal improvements to overall catalyst activity and
stability, the clear conclusion ion is that the nature of the Cu/Zn pre-
cursor in this instance appears to be more inﬂuential than the actual
addition of Al3+species.
4. Conclusions
The incorporation of Al3+ containing species into zincian georgeite
derived catalysts has been achieved using two diﬀerent Al3+ pre-
cursors; one a soluble aluminium (III) lactate and the other a suspended
sol of boehmite (AlO(OH)). Both were added to the conventional 2:1
Cu/Zn acetate solutions and sprayed into scCO2. It was demonstrated
that both precursors could be successfully precipitated along with zin-
cian georgeite. Ultimately the use of aluminium(III) lactate was not
viable, as the salt was retained upon SAS precipitation and decomposed
exothermally during calcination, yielding a very low Cu surface area
relative to the standard zincian georgeite material. While the use of
Fig. 7. Time-on-line catalyst testing for the methanol synthesis reaction:.
Reaction temperature was increased 15 °C every 18 h between 190–235 °C.
Reaction conditions for methanol synthesis: 195 °C, 25 bar, gas composition CO:CO2:H2:N2= 6:9.2:67:17.8, MHSV=7200 L kg−1 h−1. All selectivities to methanol
were > 99.96%.
Key:- ● binary zincian georgeite; total mass of Cu in reactor= 0.214 g.
Standard commercial Cu/ZnO/Al2O3 methanol synthesis catalyst; total mass of Cu in reactor= 0.187 g.
○ Cu/ZnO/AlO(OH):mass of Cu in reactor= 0.212 g.
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soluble aluminium salt was shown not to be successful when using
aluminium lactate, other salts that decompose less exothermically may
be viable alternatives. By way of comparison, the incorporation of AlO
(OH) slightly improved Cu dispersion by imparting increased stability,
despite having a marginally negative eﬀect on the extent of Cu-Zn
mixing in the original SAS precipitate and resulting calcined materials.
The addition of Al3+ in the form of boehmite notably improved catalyst
stability for the methanol synthesis reaction and to a lesser extent in the
LTS reaction.
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Fig. 8. Time-on-line (Cu mass normalised) low temperature water gas shift reaction results; (a) Activity normalised to Cu mass (b) Normalised activity shown to
highlight deactivation proﬁles.
Reaction conditions for low temperature water gas shift: 220 °C, 27.5 bar, gas composition H2O:CO:CO2:H2:N2= 50:2:8:27.5:12.5, MHSV=75,000 L kg−1 h−1.
Key:-● binary zincian georgeite: total mass of Cu in reactor = 0.214 g.
Standard commercial Cu/ZnO/Al2O3 LTS catalyst, total mass of Cu in reactor = 0.200 g.
○ CuO/ZnO/AlO(OH); total mass of Cu in reactor = 0.212 g.
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